Atherosclerosis is a disease in which plaque builds up inside the arteries. Hardening of plaques with consequent narrowing of arteries can lead to serious problems, including heart attack, stroke, or even death. In particular, if plaques build up in the carotid arteries, blood flow to the brain can be reduced or blocked by ruptured plaque or embolization, potentially leading to stroke.
with excellent capability for discriminating tissues of the carotid plaque, including the status of the fibrous cap, LRNC, calcium, and hemorrhage (10) (11) (12) (13) (14) . Previous studies have applied conventional spin echo diffusion-weighted imaging (DWI) for diagnosis of the disease (15) (16) (17) . The lower apparent diffusion coefficient (ADC) values in the intraplaque lipid and hemorrhage than the normal carotid wall, suggest their substantial value in plaque component discrimination (16) . DWI may help stratify patients according to risk of carotid atherosclerosis and thus, selection of appropriate treatment. However, these studies did not compare carotid DWI and contrast-enhanced carotid MR imaging for the evaluation of LRNC.
We hypothesized that carotid DWI for the diagnosis of LRNC may have a similar diagnostic value, as compared with contrastenhanced carotid MR imaging. Therefore, we comparatively evaluated the diagnostic usefulness of carotid DWI and contrastenhanced MR imaging for the detection of LRNC in symptomatic carotid atherosclerotic plaques.
MATERIALS AND METHODS

Patient Recruitment
The study was approved by the local Institutional Review Board and informed consent was obtained from all patients before imaging. Between August 2013 and February 2014, we reviewed data on consecutive patients with > 50% symptomatic stenosis of unilateral carotid arteries on contrast-enhanced carotid MR angiography who underwent carotid-plaque MR imaging including DWI and contrasted-enhanced imaging, retrospectively. Symptomatic carotid artery stenosis was defined as the onset of focal neurologic symptoms [transient ischemic attack (TIA) or nonfatal stroke] occurring within 6 months of carotid plaque MR imaging and attributable to an ipsilateral carotid artery vascular distribution. Exclusion criteria were poor image quality by MR imaging, insufficient coverage (< 10 mm including the bifurcation), LRNC with IPH, or prior radiation therapy to the neck.
MR Imaging Protocol
Carotid MR imaging was performed on a 3T MRI scanner (Achieva; Philips Medical Systems, Best, the Netherlands) with a 16 channel head coil. A standardized multicontrast protocol for carotid MR imaging was used to obtain three-dimensional (3D) time of flight angiography, two-dimensional (2D) T1-weighted black blood images, T2-weighted black blood images, 3D magnetization-prepared rapid acquisition with gradient-echo (MPRAGE) black blood images, diffusion-weighted imaging, and contrast-enhanced MR imaging (18, 19) . For contrast-enhanced MR imaging, a contrast-agent (Dotarem; Guerbet, Aulnay-sous-Bois, France; 0.1 mmol/kg body weight) was injected intravenously with a power injector, and post-contrast T1-weighted images were acquired 5 minutes after injection. All 2D 
Image Analysis
We used contrast-enhanced MR imaging as the gold standard of diagnostic accuracy of DWI for the evaluation of LRNC (20) .
Initially, the image-quality rating (4-point scale: 1 = poor, 4 = excellent) for contrast-enhanced MR imaging and DWI was decid- 
Statistical Analysis
The paired t-test was used to compare categorical variables between contrast-enhanced MR imaging and DWI and the CNR of the LRNC and lumen between each b-value. p-values < 0.05 were considered statistically significant. All statistical analysis was performed using R 2.14.1 (R Foundation for Statistical Computing, Vienna, Austria).
RESULTS
Patients
Thirty-one consecutive patients with > 50% symptomatic carotid stenosis underwent plaque MR imaging including contrastenhanced imaging and carotid DWI. Of these patients, 2 had poor image quality, 2 had insufficient coverage, and 3 had IPHs.
Therefore, 24 patients (median age: 66 years; range: 45-78 years)
were enrolled in this study.
Plaque Visualization of DWI
Of the 24 patients, only 8 patients (33.3%) had plaque margins > grade 2 on DWI. Twelve patients did not show plaque (grade 0) and 4 had grade 1 plaque margins on DWI. The maximal wall thickness of the identified group of carotid plaque on carotid DWI was significantly higher than that of the non-identified group (7.12 ± 1.96 vs. 4.55 ± 0.41, p < 0.001) (Fig. 1) . The length of the plaques of the identified group on carotid DWI was significantly greater than that of the non-identified group (22.6 ± 3.3 vs. 18.4 ± 3.5, p < 0.01) (Fig. 2) .
Contrast-to-Noise Ratio of b-Values
The CNR between the LRNC and lumen of each b-value was shown in Table 1 . The best CNR between the LRNC and lumen can be achieved when the b-value is set to 200 (p < 0.001) (Fig. 3) .
The mean ADC value from DWI with b200 in LRNC was 0.51 ± (14) showed that the enhancement of fibrous tissue was moderate-to-strong (79.5 ± 29.1%), whereas the LRNC enhanced only slightly (28.8 ± 20.1%). Wasserman et al. (27) showed that the CNR was as good as or better than those obtained with T2-weighted MR images, but had approximately twice the signal-to-noise ratio (SNR). Recently, some studies have reported on the usefulness of carotid DWI for the evaluation of plaque burden and composition (15) (16) (17) .
In previous DWI studies on ex vivo specimens, higher b-values (usually 1000 s/mm 2 ) were used to create ADC maps (28, 29) .
The results of our study indicated that the best CNR between the LRNC and the lumen is achieved when the b-value is set to 200 s/mm 2 . The diffusion-weighted gradient echo is typically several tens-of-milliseconds in length, which inevitably leads to longer TE. This long TE results in T2 signal decay and reduced SNR in the in vivo DWI of the carotid artery from which the ADC is cal- 
